INTRODUCTION
The large carpenter bees of the genus Xylocopa include more than 730 species, which are grouped into 48 subgenera (52). As their name implies, they include some of the largest bees, often exceeding 3 cm in length. Females of most species are conspicuous in their black or blue coloration , which may be variegated with lighter-colored pubescence. Males either resemble females or may be completely covered with a light brown, light green, or yellowish green pubescence. Most species occur in the tropics or sUbtropics. Less than 10% extend into the temperate zones, reaching as far north as the steppes of Russia (72) . Nests are usually constructed in dead plant material; an almost infinite variety of wood, cane, and flowering stalks is used (49, 72) .
Recorded studies of carpenter bees date back almost 300 years (52) and now include observations on about 60 different species. However , apart fr om which one-year-old females cohabit with two-year-old females while only the older females perform nesting activities. (d) First-laid eggs produce the first bees to emerge as adults. These adults break all of the partitions in their tunnel and may push the remaining pupae to the distal end of the nest (40) . In some species males develop faster than females, even though the eggs that produce them are laid after those that produce females (51, 72, 95a) . (e) Emerging bees remain teneral for one to several weeks (5, 78, 94) . During this period they feed on pollen brought by their mother (100) and/or sisters (22) .
In multivoltine species, the founding females may live for several months and deposit more than one round of progeny. Following their teneral period, the emerging bees may join the mother's nest, dig adjacent nests, or disperse (11, 21, 22, 40, 105) . Nests may be founded by one or more females (see section on origins of sociality).
NESTING
On the whole, the nesting habits of carpenter bees are similar, since all build their nests in plant material. However, details of the exact habits and the nature of the nesting materials are still lacking for species in 21 of the 48 subgenera listed by Hurd & Moure (52).
Nest Types
Two major nest-construction patterns can be discerned: those with un branched and those with branched tunnels. The former are constructed in culms that are hollow or have a soft interior (21, 40, 49, 73) ; the latter are constructed in tree trunks and twigs or structural timber.
UNBRANCHED NESTS
Bees of eight subgenera build only unbranched nests. Four of these subgenera are quite flexible in their choice of nesting substrates; four are more rigid (16, 40, 46, 49, 50) .
The unbranched tunnel may extend to one or both sides of the nest entrance, depending upon its position. Each tunnel typically contains 4-7 closed cells (51, 52, 73) , but as many as 15 per tunnel and 19 per nest have been found in X. sulcatipes (D. Gerling, personal observations); the latter were probably produced by more than one female.
BRANCHED NESTS
Branched nests may be found in a range of wooden substrates including both dead tree parts and structural timber. Bees from five subgenera may construct either branched nests in solid wood or straight nests in reeds or culms (52) . Nests may also be constructed in man-made materials such as lead (92) , styrofoam, fiberboard (1) , and fiberglass (D. Gerling, personal observations).
Some multivoltine species, such as X. pubescens (11, 40) , make relatively short tunnels with only 1-3 cells. Having completed the first tunnel, they may dig additional tunnels to accommodate brood cells. Others, such as X. sonor ina (36) , dig out a tunnel that is long enough to lay one generation's complement of eggs (usually 4-6 eggs per tunnel). No additional eggs are then laid until the first group has reached maturity. The univoltine species, e.g. X. violacea, X. virginica, and X. valga, build and provision 1-4 tunnels in succession (38, 55, 72) .
Nesting Activities
Nesting activities of the female include site selection and probing, initial digging, supplementary activities, nest care, cell preparation, provisioning and ovipositing, cell-sealing, subsequent digging, and nest defense against conspecifics and other organisms. The subjects of provisioning, ovipositing, and cell-sealing, which have been relatively well covered in the recent literature (5, 40, 53, 93, 100, 104, 107, 108) . are not discussed owing to space limitations.
SITE AND MATERIAL SELECTION
The little that is known about nesting-site selection is anecdotal rather than experimental. The culm-nesting X. iris occupies Peucedanum alsaticum in open fields (73) , whereas many of the solid-wood nesters, e.g. X. gualanensis, X. pubescens, and X. virginica, are most often found in shaded places or within structures (38, 83, 87 (54, 57) . In Sumatra, X. traquebarica nests were never found near each other, and nesting X. confusa and X. [atipes females were seen preventing newcom ers from digging nests in the immediate vicinity (54) . Frequently observed nest aggregations may be due to the predilection of the bees to nest where others do, but they may also be caused by the clumped distribution of nesting material.
Selection of nesting material may be elaborate. The same species may choose either soft, easily penetrable material, which makes a less durable nesting site, or a harder material that offers better protection (105) . Painting or staining structural timber did not hamper nesting activities by X. sonorina (36) or X. virginica (9), but Balduf (7) found that X. virginica avoided white-stained entrances.
Shallow excavations at the nesting sites (20, 36, 48) can be regarded either as examination of the substrate prior to digging or as unsuccessful attempts to start nests. Selection pertaining to substrate thickness has been demonstrated for X. californica arizonensis; these bees used inflorescence stalks of Yucca elata that were thick enough to support the nest but thin enough to allow breakage and to facilitate the seed dissemination of the plant (33).
NEST CONSTRUCTION AND CELL PREPARATION
The entrance hole is usually somewhat elliptical, about 3-5 mm narrower than the diameter of the tunnel, and only slightly wider than the diameter of the bee (71) . Digging is a more or less continuous process that may last through the night (5, 72; M. J. Orlove, personal communication), take up to a few days, or be carried out in sessions over several days (36, 38) . Tunneling may start on the horizontal or vertical surface of the substrate or on its broken or cut surface (e.g. 11, 38 , 40, 51,62, 78, 83) . With the exception of X. violacea (55) , bees that dig in culms such as bamboo or Arundo donax do not usually extend their nest tunnels through the internodal partitions.
The interior of the nest consists of an antechamber or vestibule from which the nesting tunnels start. In all natural substrates main tunnels are oriented parallel to the grain of the wood, sometimes even through wood knots (78) . However, this orientation is lost when no wood grain is available, as in styrofoam (11) . Ascending tunnels are dug first (5). Sawdust is pushed out of the nest with the head or abdomen and legs, and may pile up at the nest entrance (5, 12 , 83, 105) . Supplementary activities associated with nest preparation have been reported for X. iris and for X. Jimbriata. The former species makes the nest less susceptible to weather hazards by cutting the culm above the nesting tunnel and breaking the top off (73) . Xylocopa Jimbriata constructs special vertical shafts used only for ventilation (104) . It has not been noted how these I-m long shafts are constructed.
Nest care consists mainly of cleaning and grooming the nest burrows. Refuse, e.g. sawdust, broken cell partitions, dead bees and their parts, exuviae, and feces, is either pushed out of the entrance or stored in old cells or at the distal ends of a burrow in a culm (40) . Bees groom their nests throughout occupancy by coating the walls with glandular secretions. This is most commonly done by licking, but bees may also coat the walls with intersegmental gland secretions by rubbing the abdomen on the walls (41) . Licking may follow bending of the head toward the open sting chamber, from which secretory materials are apparently gathered (39) . It appears most intense during cell preparations, when the bees lick the entire interior of the cell prior to making bee bread (40) , which is a mixture of pollen, nectar, and glandular secretions.
We interpret these groo ming activities as the formation of brood-cell linings. In this respect we differ with Sakagami & Michener (89) , who claimed that carpenter bees lack such structures. Hydrocarbons of bee origin have been isolated from tunnels of X. sulcatipes (see section on chemical communication). The hydrophobic nature of this lining protects the cell from desiccation or excessive humidity. The lining may also contain antibiotics to prevent the growth of microo rganisms. The cell lining of carpenter bee nests can be seen as a thin layer in X-ray images (40, 101) and is sometimes apparent as a yellowish or brownish shining coat on the cell wall or on the outer side of the cell partition (H. H. W. Velthuis, personal observation).
Bee bread preparation follows the deposition of pollen loads in the future cell. The duration of foraging trips and the amount of pollen brought vary inter-and intraspecific ally with the availability, distance, and quality of suitable flowers on the one hand and with certain nest characteristics on the other. These include the presence of guards and of progeny that feed on the pollen and nectar stores (see also sections on associations with flowers and sociality) (7, 11, 78, 100) or directly on the collected pollen (l05). Con sequently, reports on the duration of cell provisioning vary with the species studied and with the specific conditions of the observation (e.g. 11, 55, 59).
The final size of the bee bread depends on the species (5, 13, 72). However, intraspecific size differences in bee breads, and corresponding differences in the size of emerging adults, have been recorded for X. sulca tipes (107) . In this case, the large variability might be related to the harsh desert environment.
Once the eggs have been laid, the mother primarily guards the nest. Wagner (104) saw females of Xylocopa sp. from the Yucatan peninsula in Mexico stuff the space between the last sealed cell and the entrance with long animal hairs.
Subsequent digging is associated with nest extension or reuse. During nest extension bees usually avoid breaking the partitions between tunnels and the outside world (5), although X. sonorina nests sometimes have two entrances, of which one originated from such a breakage (36) . Reuse usually involves tunnel extension (36, 38, 40, 87) ; the next generation is raised in the freshly dug section.
ASSOCIATIONS WITH FLOWERS
Flowers provide the sole source of food and most of the water for carpenter bees. Since the bees are long lived and have a wide geographical range, they need to be polytropic (32) and may visit a large number of different plants. Xylocopa darwini, for example, visited 160 species belonging to 28 families in the Galapagos Islands (67) . The bees collect readily from different flower species according to the availability of the resources and their needs, but they may show flower constancy (32) associated with the abundance of a certain flower species at a fixed time of the day (67; D. Gerling & H. H. W. Velthuis, personal observations).
Whereas most species are diurnal, some are crepuscular and matinal, flying under very low light intensity. The best studied species in the latter category is X. tabaniformis (48, 56, 80) , whose 10 subspecies visit flowers after sunset and before dawn.
Diurnal Xylocopa spp. may visit different flower species at different hours. Xylocopa gualanensis collected nectar from Delonix regia all day, with peaks shortly after sunrise; from Crotalaria sp. starting at 10:00 AM; and from Callinandra sp. between 3:00 and 4:00 PM (86) . Visits to passion fruit flowers coincided with their open hours. Xylocopa mordax on St. Vincent Island and X. sonorina in Hawaii paid most of their visits between 11:00 AM and 3:00 PM (25, 79) .
Xylocopa species avoid revisiting flowers shortly after previous visits (30, 34, 82) . This feature, which probably enhances the efficiency of both food collection and flower pollination, was associated with the deposition of marking pheromones by X. virginica on Passiflora edulis (34) and by X. pubescens and X. sulcatipes on Calotropis procera (30) . In the latter case, each bee species was repelled both by her own and by the second species' markings.
Nectar
The bee "legitimately" obtains nectar by reaching the source from within or upon the flower, thus usually effecting its pollination. However, some flow ers possess a long tubular corolla in which nectar is inaccessible to the bees; they must therefore obtain it through "nectar theft" or "robbery" (32, 53) , imbibing the nectar through a slit that they make with their maxillary ga1eae in the wall of the calyx or corolla (90) The range of robbed flowers differs among the bee species. Smaller species may be able to reach the nectar sources in the legitimate way, but may have difficulty in piercing the walls of the petals or calyxes (95b). Young bees of different species apparently vary in their readiness to learn how to rob new flowers (36) . Finally, each species has a repertoire of plants with which it evolved. This repertoire depends upon the local flora in addition to the characteristics of the bee.
In the tropics, plants protect themselves from robbery with morphological structures, such as a strong wall separating the "anteroom" and "nectar room," or by producing extra floral nectar, which is visited by ants, which in tum inhibit the bees from robbing nectar (95b). However, such ant guards failed to prevent extensive nectar robbery from Hibiscus flowers in Hawaii (36) . Ant guards appear to function only in the tropics, where they evolved (82). Euphilic, or specialized, Xylocopa host flowers have usually developed barriers that prevent the collection of nectar unless considerable force is used (90) . For example, in Thunbergia grandiflora, separation of the dorsal stamen filaments, which block the way to the nectar, requires considerable pressure (82). In Calotropis gigantea and C. procera, force is needed to penetrate the nectar reservoir (cuculus) (29).
Sugar concentration in the nectar of many flower species visited by Xyloco pa spp. varies between 25 and 27% (32) , whereas a concentration of 60-62% is used for bee bread preparation (25) . To obtain the required concentration, the bee exposes the collected nectar on its proboscis drop by drop until the excess water has evaporated. This nectar ripening or dehydration has been observed principally under tropical and subtropical conditions. It may occur when the bee is on the plant (D. Gerling, personal observations) or at the entrance of the nest (20, 22, 25, 36, 78, 105) . Nectar dehydration by males increases the energy/volume ratio of the nectar in their crops, thus enabling them to stay longer in their territory (110).
Pollen
Schremmer (90) has discussed the collection and carrying of pollen of carpen ter bees in detail. Bees may obtain pollen by actively brushing it off anthers with exposed pollen such as those of Lonicera etrusca, Leucaena glauca, and Luffa cylindica (40, 59) . Alternatively, they may obtain pollen passively when it is deposited on their frons, venter, or dorsum according to the position of the anthers relative to the n ectar-gath ering bee, as with Gliricidia sepium, T. grandiflora, and Justicia galapagana (25, 54, 82) . Pollen is also obtained from anthers that are poricidally dehiscent (17) . Carpenter bees, with the exception of X. imitator (5), use the "buzz pollination" technique (17) , whereby the pollen is released from the anther following vibration of the indirect flight muscles of the bee, which is suspended by its legs from the anthers or corolla.
Pollen may be carried in the crop or on the hind legs. When it is deposited on the notum or fore-and middle legs, it is moved to the foretarsi, scraped off by a special comb on the maxillary stipes, and swallowed. The crop then serves as a pollen-carrying device, as in Hylaeus bees (90) . Pollen that is deposited on the abdomen, middle legs (5), or hind legs (90) is carried on the hind legs to the nest.
Physiological Considerations
Flight activity and hours of flower visitation are limited by physiological requirements. Xylocopa pubescens does not usually forage at temperatures that are lower than 18°C, whereas the more thermophilic X. sulcatipes (37) and X. capitata (77) start f oraging at ambient temperatures of 22-32°C. In all of the studied carpenter bees, thoracic temperatures during flight reached 39-40°C, indicating that the bees are endothermic. Their ability to maintain high thoracic temperatures seems to be independent of the ambient tempera tures. Xylocopa varipuncta females maintained a thoracic temperature of 33-46°C during flight at ambient temperatures ranging from 12-40°C, and the thoracic temperature excess did not remain constant over this range (47) . Therefore, it was deduced that the bees are capable of thermoregulation. Despite their ability to raise their thoracic temperatures to flight thresholds even at an ambient temperature as low as 12°C, carpenter bees do not usually forage at such low temperatures; they may be constrained by the high energy costs of maintaining the required thoracic temperature and by their high thermal conductance. Glabrous and furry species differ in the latter charac teristic; cooling rates from the furry thorax of x. pubescens are slower than those from the glabrous thorax of X. sulcatipes. Consequently, X. pubes cens females may forage at lower temperatures than X. sulcatipes because of lower heat loss when the bee alights to probe for nectar or to collect pollen.
The thermoregulatory abilities of carpenter bees are also expressed at high ambient temperatures. In X. varipuncta the thoracic temperature excess at an ambient temperature of 40°C is only 6°C as compared to 24°C at low ambient temperatures (47) . This cooling of the thorax is apparently not achieved by evaporative water loss, as inferred from findings for X. capitata in which water loss was proportional to oxygen consumption (77) . Rather, it may be due to conductive heat loss, especially in glabrous species, or by shunting heat to the abdomen. The smooth, flat, and relatively large abdomen provides very good heat dissipation. A convective cooling mechanism was also sug ge�ted (24, 47) when an increase in flight speed at high ambient temperatures was noted. Convection may be the main way of cooling the head, since evaporative heat loss does not seem to occur in these species. From his conductance values, Chappell (24) calculated that at ambient temperatures of 35-37°C, X. calif arnica bees could not hover because they might overheat. However, males of X. pubescens engaged in territorial defense in Hatzevah, Israel spend a considerable time hovering at ambient temperatures of 35-40°C (A. Hefetz, personal observations). Unfortunately, nothing is known about their thermoregulation or thermal conductance.
NATURAL ENEMIES AND MUTUALISTS
Their large size and the habit of storing food that is high in energy and protein content make carpenter bees an attractive target for natural enemies. Recorded natural enemies (Table 1) include 19 families of predators and 16 of parasites (including possible mutualistic symbionts). Numbers and ratios of parasites and predators differ significantly among global regions. These differences probably reflect true faunistic differences (50, 72, 105) except in Asia, where natural enemies have hardly been studied.
The predators include omnivores (e.g. ants), wood destroyers (termites), and insectivores (e.g. various beetles, orioles, shrikes, and woodpeckers). Humans have a special place in this complex, since they may act as specific predators, seeking the bees for use of their products (50, 105) or destroying them because of their pestiferous nature (9) . However, the most detrimental � interference by humans is nest and wood destruction and habitat modification during land clearing and construction projects. Numerous parasites attack the larvae. They include four well studied genera (Hyperechia, Anthrax, Coelopencyrtus, Leucospis), and three less well studied ones. In addition, five groups of cleptoparasites, which devour or kill the egg and develop on the bee bread, are recognized. These include meloids, several well studied cases of sapygids and gasteruptiids, one ichneumonid, and various mites. One parasite genus, the conopid Phy socephaia, attacks adult bees. Several omnivorous beetle and moth larvae have been found penetrating the nests and feeding on their contents either as predators or parasites (48; Table 1 ).
At least five lineages of mites have produced specialized associates of large carpenter bees. All have special phoretic instars that disperse via nest founding female bees; the mites then complete their life cycles in the brood cells. Deutonymphs of three genera of astigmatid mites (Sennertia, Horstia, and Torotnia) are commonly phoretic on carpenter bees throughout the world. The other instars of these mites feed on bee bread in the sealed cells, possibly after killing the eggs or young larvae (8, 63, 68) . Predatory mites of the genus Cheletophyes occur in nests of tropical and subtropical Xylocopa spp. (61). They presumably feed on the astigmatid mites there and thus might be mutualistic with the bees.
Dinogamasus mites are phoretic in special abdominal pouches in the Old World subgenera Koptortosoma, Afroxylocopa, and Mesotrichia (105). In the brood cells the mites appear to feed on larval and pupal exudates and are possibly parasitic on the immature bees themselves (69, 94) . The special pouches on the adult bees suggest a mutualistic relationship, but the immature bees develop normally when the mites are experimentally removed from the nests (94) . Perhaps the mites enhance development of the immature bees through direct or indirect inhibition of microbial contamination.
As summarized in Table I , enemies may gain entrance as adults, which may walk in (Ia) or be carried in by the bees (lb). Others enter as larvae, by crawling in before cell closure (Ila), by being carried in as phoretic instars or triungulins (lIb), or by breaking in (lIe). The female of H oplocryptus femor atis oviposits through the wall of the nest (13) , and that of Coelopencyrtus spp. cuts through the cell partitions to oviposit (Ie) (l05).
Other bees, including the magachilid Heriades (106), congenerics, and conspecifics, constitute some of the most important natural enemies of carpenter bees through robbery of food stores, eviction of the nesting bee, destruction of progeny in the nest, and usurpation (40, 101, 106) . In X. sulcatipes these phenomena appear to correlate directly with the density of the bees and inversely with the availability of nest sites (84) .
A study in South Africa (106) showed that 17% of carpenter bee mortality was due to parasites; 41 % of these deaths were caused by Coelopencyrtus spp. Predation caused only 6.5% of the mortality, with woodpeckers accounting for 34% of total predation. Noting that the bee population did not increase in spite of these relatively low rates of mortality, Watmough (106) concluded that additional mortality factors must have been present. Although bees may take aggressive action when defending their nests against congeners (54, 57, 84) , their defense against other predators or parasites is usually nonaggressive and may amount to building well con structed cell partitions (78) , blocking the nest entrance in various ways (5, 58) , squirting material from the anal opening, or expelling all the progeny of a nest that has been disturbed (15) . The difference between reactions to bees and reactions to other enemies reflects the possible effectiveness of the kinds of defense measures and may point to the relative importance of depredation by congenerics versus that by other organisms.
MATING BEHA VIOR
Since male carpenter bees do not exhibit parental care for their progeny and occur roughly in the same proportion as the females, they tend to be polygynous and often compete for the opportunity to mate. In theoretical treatments of polygynous mating systems, three patterns have been dis tinguished (1, 3): female defense, resource defense, and male dominance polygyny. All are represented in the carpenter bees.
The variety of cues used in these systems leads to diverse mating gehaviors. This diversity allows for an analysis of the ecological factors shaping repro ductive behavior and an attempt to trace the evolutionary history of these reproductive systems. Partly based on other reviews (3, 18, 28, 31, 81) we have distinguished five hypothetical evolutionary steps:
1. The species is polygamous and both sexes search randomly for a partner. This condition is, however, rather unstable because polygamy has different meanings for the two sexes. Male reproductive success depends primarily on the number of matings, as opposed to female reproductive success, which depends primarily on the number of eggs produced. Therefore, multiple matings of females are directly related to the frequency of encounters with males, especially when mating might be easier than averting males.
2. Males could increase their frequency of matings by waiting at places frequented by females, such as nest sites (female defense) and feeding sites (resource defense). In dense nest aggregations the male strategy mainly involves patrolling at the nest site and competing directly for each emerging female, but some territoriality also occurs. In aggregations with widely spaced nests competition may lead to territoriality either at the nest sites or near flowers, depending upon their relative availability and dispersal (7, 27, 38, 99) . The same species may practice both types of territoriality (5,10,27, 99; M. J. Orlove, personal communication).
An example of facultative territorial site choice is found in X. sulcatipes. In the spring, when favored food sources are concentrated, the males clump around single Moringa peregrina trees and exhibit almost no mutual aggres sion. At times a male may guard a bunch of flowers, but only temporarily. As the season progresses and flower sources become sparser, the same male population shifts to territorial behavior either at nesting sites or at food resources (40; D. Gerling, A. Hefetz & H. H. W. Velthuis, personal observa tions).
Cruising around Cassia bushes (5; H. H. W. Velthuis, personal observa tions) by males of X. sulcatipes probably constitutes a special case of food resource territoriality, since these bushes provide only pollen, which virgin females do not seek. However, virgin females may make exploratory foraging flights and be attracted from a distance to potential food sources by visual and olfactory cues. Males may rely on similar cues rather than on actual food collection by females when choosing their territories.
3. Non-resource-based territoriality (1) may evolve from food source ter ritoriality as a response to a relatively low density of bees in relation to plant density. In this situation the probability of a single male encountering females may be very low, and the production of attractants by the male would be advantageous to both sexes. The attractants may be signals such as loud buzzing by the territorial male and/or the addition of an odor to the flowers; the males may use these signals either when patrolling along extended paths (cf 43) or when hovering at a specific site (5, 56, 66) .
Female mate-searching behavior might involve waiting for the male at the flower on which she discovers his markings or a directed flight toward a marked spot from a distance. At this point real male dominance polygyny begins, for males may produce quantitatively or qualitatively individual pheromonal signals that may reflect their fitness, and the female could react correspondingly by selecting among the males.
4. The use of pheromonal cues enables males to relocate their territories from resource sites to prominent sites such as hilltops, various protrusions, or trees (2, 40, 97, 98) . At this point, long-and/or short-range pheromones may direct the female into the territory and possibly into a focal point with in the territory. Short-range marking of a focal point on which an attracted fe male is most likely to land before copulation has been recorded (56, 74, 97) .
A cooperative display, whereby the males ceased to be mutually aggres sive, was observed in X. frontalis (19) and in X. hirsutissima (97) . It is possible that such behavior enhances the attractiveness of the territory by creating stronger signals. However, until a comparative study of the reproduc-tive success in single-male versus cooperative-display territories is conducted, this point remains speculative.
5. Competition among males for non resource sites may lead to various subsequent adaptations: (a) Odor deposited at a favorable site makes it even more attractive to other males. By replacing the resident male, an intruder may benefit from the remaining odors of his predecessors because his quality would be judged by the overall strength of the odor signal. (b) Instead of placing the pheromone on an object in the territory, the male would do better if he placed at least part of it on his own body and carried it along in case of eviction from his territory. The pheromone may originate in the mandibular glands (27, 45, 97) or in the mesosomal gland (4) .
Female behavior has evolved concomitantly with male behavior. While they may have been passive in the earlier stages of the proposed evolutionary sequence, from Step 3 onward females have actively searched for males in order to become inseminated. This searching has opened the way for the development of more specific signals such as female pheromones or landing on focal points that have been previously marked by the males. The specific search for a mate by females has additional consequences. As far as is known, carpenter bees only start egg-laying after having been inseminated. Mating, therefore, may be the physiological trigger for oogenesis and for nesting behavior. If males are met only away from resources, the way is open for a shift from multiple to single insemination. Based on the haplo-diploid mech anism of sex determination in the Hymenoptera, single insemination leads to a high degree of relatedness of sisters (44) and thus fulfills one of the pre requisites for the start of female social evolution.
CHEMICAL COMMUNICATION AND EXOCRINOLOGY
Carpenter bees possess a series of exocrine glands including mandibular, intersegmental abdominal, and Dufour's glands in females, and mandibular and mesosomal glands in males. While the chemistry of the secretions of a Iew species has been established, only fragmentary information exists about their functions.
Mandibular Glands
The activity of the mandibular glands of females has been investigated only in X. sulcatipes and was found to be involved in mating behavior. The females apparently use the secretion as a sex pheromone. Males that were ex perimentally smeared with a female's mandibular gland and then introduced into another male's territory elicited exploratory behavior instead of the aggressive behavior that an intruding male usually evokes (99) . The pher omone is prominent in virgin or recently mated females, but probably dis-appears thereafter. Nesting females that enter a male's territory are im mediately inspected but are ignored after a few seconds. The chemical nature of the pheromone is unknown.
Male mandibular gland secretions have been investigated in X. sulcatipes and X. hirsutissima. Although there are common components in the glandular exudates of the two species, thc secretion can be considered species specific. The secretion of X. hirsutissima contains cis-2-methyl-5-hydroxyhexanoic acid lactone and its bis homolog, benzaldehyde, benzoic acid, p-cresol, vanillin, and aliphatic hydrocarbons (107) . While cresol and vanillin are also components in the secretion of X. su/catipes, guaiacol is unique to this species. These aromatic compounds are accompanied by a series of paraffins, whose source may be the mandibular cuticle (45) .
Males of both species use the secretion from mandibular glands for marking their territories (45, 97, 98) . Marking is most intense at the onset of territorial establishment and at the borders with neighboring males. Females in both species approached the territory downwind, which suggests that the secretion has an attractant component. The scent of the secretion also aids in the detection of intruding males. In X. sulcatipes, immobilized males or mated females that were smeared with male mandibular gland secretion and then hidden in a male's territory were easily detected and attacked. Guaiacol seems to be the aggression elicitor, whereas vanillin is attractive to females that visit the territory. Thus the secretion has a dual function: betrayal of males and attraction of females (45) . Interestingly, males that visit flowers within a territory are not attacked, while potential competitors for females are attack ed. It is not known how the defending male distinguishes between the two activities or whether any chemicals are involved. In X. hirsutissima, excised mandibular glands applied on filter paper elicited aggressive behavior of territorial males (97, 98) . However, synthetic cis-2-methyl-5-hydroxyhexa noic acid lactone alone or in combination with vanillin could not elicit the same behavior. Unfortunately, owing to a shortage of synthetic products the number of experiments was insufficient for unequivocal conclusions.
Mesosomal Glands
Mesosomal glands are male-specific exocrine glands situated in the thorax (103) . The secretions in four species have been characterized and exhibit species specificity. The secretions of X. varipuncta and X. gualanensis both include geranylgraniol and famesal as major products but differ in the identity of minor components; the former contains an isomer of 3,7,lO-trimethyl-2, 7,1O-dodecatrienal (4), whereas the latter contains small amounts of linalool, nero!, and fame sol (109) . The secretions of X. jimbriata and X. micheneri have unique compositions. The former possesses 2-heptadecanone, famesol, and farnesyl acetate as major components, which are accompanied by various terpenes in minor amounts. The secretion of X. micheneri lacks terpenes but includes isopropyl oleate, (z)-ll-eicosenol, oleyl alcohol, and traces of methyl palmitate (4) .
The gland opens into the notum, and the secretion apparently oozes out. Males possessing mesosomal glands are often observed smearing the secre tion onto their bodies using their legs (103) . AU species in which a well developed mesosomal gland has been found to date occupy nonresource territories; the secretion apparently acts as a territorial pheromone. This mode of secretion is especially adaptive for territorial behavior (see section on mating behavior).
Intersegmental Glands
As in other bees, females of Xylocopa spp. have several pairs of glands situated in the abdomen and opening into the intersegmental membranes [also called yellow glands (41)]. In X. pubescens each gland is composed of numerous unicel�ular secretory elements connected to a ductule that empties into the intersegmental membrane (41) . The glands develop cyclically. In nonnesting bees they are compact and white, but increase in size and turn yellow as the breeding season progresses. The activity of the different cells in each gland is asynchronous, which prolongs the period of glandular activity to coincide with the long nesting period of this species. Ultrastructural and histochemical studies revealed rich, rough endoplasmic reticulum indicative of protein synthesis, as well as mucopolysaccharides containing carboxylic groups of the hyaluronic acid type. Gerling et al (41) suggested that the secretion of the glands serves to coat the inside of the cells. In X. sulcatipes, at least part of the secretion is pentane soluble (A. Hefetz, unpublished) and contains high-boiling point hydrocarbons (C2rC31) similar to those found in the cell lining (64).
Dufour's Glands
From the chemical point of view, the Dufour's gland is the most studied exocrine gland in Xylocopa species. It is a long tubular gland occupying much of the abdomen, composed of a single epithelial cell layer that surrounds the reservoir (23, 27a, 64) , which opens into the sting chamber.
Development of the gland in teneral bees begins with feeding on bee bread, and its secretory activity is most pronounced during active nesting. In labora tory-reared teneral bees the gland contained -60 J.lg of secretion, whereas larger quantities were found in bees that were fed on bee bread. Field collected, actively nesting bees contained 0.7-1 mg of secretion (A. Hefetz & S. Kronenberg, personal observation).
The gland chemistry of six species has been investigated and reveals an interesting pattern ( Table 2) . Two of the species, X. pubescens (A. Hefetz, H. 1. Willimas & S. B. Vinson, personal observations) and X. micans (109) are exclusively hydrocarbon producers, while in X. sulcatipes the secretion is dominated by ethyl esters with only minor amounts of two hydrocarbons (64) . The secretion of X. iris has both esters and hydrocarbons in appreciable amounts, while in X. virginica texana (1 02, 108 ) the esters are in the minority. The secretion of Proxylocopa olivieri is composed exclusively of hydrocarbons (64) . Considering the suggestion that Proxylocopa is a pro genitor of Xylocopa (49), two evolutionary pathways might have occurred; one retained hydrocarbon synthesis, while the other slowly shifted to ester synthesis. In X. virginica texana (34) the function of the Dufour's gland is the production of a scent that the bee deposits on the flower following the collection of nectar. Flowers marked in this way were avoided by conspecifics for 10 min (34). Experiments with synthetic components showed that only part of the complex blend occurring in the gland was sufficient for deterring conspecifics. Flowers treated with methyl myristate or methyl palmitate were probed for nectar significantly less than untreated ones. Pentadecane or hexadecane by themselves were ineffective repellents, but in combination with the two above-mentioned methyl esters they were as effective as Dufour's gland extract (102) . Xylocopa pubescens and X. sulcatipes exhibited similar avoidance behavior when visiting marked Calotropis flowers (30; A. Hefetz, personal observations).
The presumed original role of the Dufour's gland, i.e. providing the brood cell lining, which still exists in Proxylocopa, was apparently lost in Xylocopa (46) . In fact, the lining of brood cells of X. sulcatipes that were constructed in Ferula sp. contained only aliphatic hydrocarbons and lacked the esters characteristic of Dufour's gland secretions. Since these hydrocarbons did not originate in the Ferula sp. they must have originated in an exocrine gland, presumably the intersegmental glands. The large existing Dufour's gland apparently became adapted for other functions such as flower marking. One cannot exclude the possibility that despite the loss of its function in the production of the cell lining, the Dufour's gland retained its communicative role as a nest marker (46) . Consequently, flower marking can be regarded as a secondary adaptation in some species. Xylocopa (Mesotrichia) caffra uses scent for nest location. These bees were observed persistently rubbing the tips of their abdomens around nest entrances, which suggests that abdominal glands are the source of this odor (94) . Similar smearing of secretions was observed for X. fimbriata, but was interpreted as defensive (58) . The use of scent for locating the nest entrance was also observed in X. flavorufa, X. imitator, and X. torrida (6) and in X. sulcatipes (A. Hefetz, personal observa tions). Furthermore, single-gland analysis in X. sulcatipes revealed individual 
ORIGINS AND FORMS OF SOCIALITY
The main selective pressures leading to sociality in the large carpenter bees are intraspec ific and intrageneric competition for the nest substrate, existing nests, and nest provisions. Competition for the existing nest can be related to the rarity of the nest substrate or to the value of the nest onc e it has been constructed; this competition nec essitates effic ient defense (40, 58, 78) . Another factor is temporary food shortage, which may be the origin of the frequently developed hab it of robbing congeneric or con specific nests . The need for nest defense may interfere with the efficiency of cell pr ovisioning by forcing females to make short trips that result in the collection of small pollen loads and the construction of only a few brood cells or even none at all (8, 11, 40, 95a, 101) .
Competitive conditions promote a prol onged life of the mother and the potential for matrifilial societies . In habitats allowing more than one brood cycle per ycar, an active colony, distinc t fr om a hibernation aggregation or a prereproductive assemblage (76) , could evolve, which could easily become semi social or communal . In either case, the pr esence of additional bees at the nest that assume the role of guards makes long fora ging trips possible without risk to the existing nes t and provisions. Semisocial colonies, not necessarily involving related females, may also be formed by the joining of nests before brood pr oduction starts (2 1, 84). A social level above the communal probably exists in more than the few heretofore-studied species. The best candidates are the species that have branched nests, some of which are now listed as communal (15, 87) . In a communal system dominance interactions could easily tum the nest into a semi social one.
In every case of social nesting the division of labor is based on differenc es in activity. Only the foraging female constructs galleries and cells and lays the eggs, while the other bees mostly guard the nest. In return they receive nectar trophallactically (15, 40, 83, 87) and consume pollen fr om the cell that is being pr ovisioned (95a, 105). Interactions are predominantly of an overtly aggressive nature (l00), but allogrooming also occurs, and food donation may be VOluntary (95a). This form of sociality is exclusively found in the large carpenter bees. In the other social Hy menoptera the subordinate members of the colony do the foraging and often several other tasks.
Intraspecific competition led to vari ous adaptations that reduce the risk for the immature. These are related to a shortening of the preimaginal stage. The adaptations oc cur in various degrees in the different species. The large egg of carpenter bees is a means of starting with a relatively large larva, which may shorten the duration of larval devel o pment. The large egg also fa cilitates the production of more offspring , while requiring only limited flight activity of the mother during the initial, most vulnerable stage of the nest (96) . The shortening of the developmental period results in the production of teneral bees that need supplementary nutrition before they can assume regular adult functions. This nutrition is obtained through feeding on pollen and bee bread. (95a, 96) .
At present sociality has been demonstrated in eight species. Bonelli's (15) pioneering studies indicated the occurrence of eusocial colonies in the African X. combusta. Here a solitary female initiated a nest and made a brood consisting of only three cells. The oldest daughter guarded the nest while the mother prepared a second brood of two to four bees. Then the mother died and the guarding daughter became reproductive. The use of marked bees and X-ray technology (38) revealed that in X. virginica many fe males lived for two years and that often two or three bees lived together in the same branched nest, but only one fe male was active. The guarding fe male became the egg layer in the following year in this univoltine species. In the Hawaiian X. sonorina often several fe males were present in the nest. The group was either matrifilial or semisocial as a result of other bees joining the nest. Occasionally unmated fe males with worn wings were observed (36) , which is suggestive of the presence of a nonreproductive caste.
In X. frontalis, X. grisescens (20) , and X. suspecta (22) a period of inactivity was observed twice a year, after which activity was resumed. If the colony consisted of an active mother and her offspring, 4--6 wk of cohabita tion allowed the mother to make a few brood cells while the daughters were still unmated. In a two-female nest, which could involve sisters, cohabitation lasted from 5-14 wk, and brood production was more than twice that in matrifilial nests. It was often difficult to tell which fe male was reproductive, since both had activated ovaries (21) .
The best-documented cases of sociality concern two Israeli species, X. sulcatipes and X. pubescens (11, 40, 100, 101) . X. sulcatipes culm nesters have long-lasting associations of the mother with her dependent adult off spring. This species may also form single-generation matrifilial colonies, in which both females may forage and provision cells (40) . Since the conditions of the ovaries are sometimes similar in the two fe males it is probable that both have oviposited (96) . In most nests having two fe males, however, only one is active. In such cases, the nonreproductive fe male provides protection for the nest and its contents while the active bee is on a foraging trip (96) . Robbery, especially under high bee density, promotes effective nest guarding and frequently encourages joining of solitary females (84) . Even for the nonreproducing bee this situation might be more advantageous than being on her own , for she may have a chance to take over the nest and become the dominant fe male.
Xy/ocopa pubescens generally nests in logs (11) , where it may form extended aggregations, or in cane (40, 60) . One entrance may lead to several nests, probably made by the daughters of a solitary foundress. Among the teneral progeny a hierarchy leads to differential feeding by trophallaxis (40) . In addition to receiving nectar, teneral adults consume pollen in amounts that equal those that they receive as larvae (95a, 100). They obtain this pollen either directly from the entering mother or, more commonly, from the brood cells that she is preparing. Teneral adults compete for positioning in the nest opening, because the first bees to contact the returning mother receive the most, especially when foraging is limited. Guarding, . therefore, can be con sidered a side effect of competition (100) . The dominance relations ob served in a matrifilial nest of X. pubescens were oft en unstable (95a). In ab out half of the nests the mother succeeded in raising at least one additional brood, but in the other half the daughter became dominant. In the latter case the mother either could bc cvicted or could remain as a guard. One mother remained a guard for three consecutive broods of her daughter. Evicted mothers may establish successful nests elsewhere.
It is not very illuminating to distinguish among communal , semisocial , and eu social levels in the carpenter bees, as su ch distinctions concern phases rather than the climax of any development. For this reason the terms metaso cial (40) and eo social (88) have been proposed. The various forms of sociality are similarly transient in several small carpenter bees (91) . The sl ow adult development of the teneral young leads to a division of labor that may last for several weeks, allowing the mother to produce another brood. In semi social nests involving sisters or unrelated females, dominance relationships may cause the sub ordinate to develop more slowly, even though it obtains suf ficient nourishment, while the dominant female may be physiologically acti vated. If such mechanisms operate, sociality of the carpenter bees is more than a protracted dispersal and development.
ECONOMIC IMPORTANCE
Carpenter bees are notorious for damaging man-made wooden structures (9), lead cables, fib erglass insulation, and styrofoam. Despite their large size, widespread distribution, and use of wood as su bstrate, they do not usually cause severe economic damage because of their slow development, their reuse of nests, and the preference of some species to develop in trees rather than in st ructural timber.
The greatest ut ility of carpenter bees lies in pollination. Although only a few st udies have been published on the value of the large carpenter bees as crop pollinators, their large body size makes them the natural pollinators of large flowers su ch as Passiflora and Luffa species and of other cultivated fruits and vegetables (59, 67) . Carpenter bees contribute measurably to pollination and fruit setting of Passiflora edulis (25, 79, 85) . In a Brazilian study (85) a single carpenter bee pollinated as many Passiflora flowers as an entire colony of honey bees. A major reason for the failure of attempted Xylocopa utilization has probably been that no food sources were available to the bees once the crop to be pollinated was no longer in bloom (79) .
Before agricultural benefits can be gained from carpenter bees the manage ment of semi wild populations must first be achieved. Our fundamental knowl edge of this area is still so rudimentary that quick gains are hardly to be expected. Instead, a step-by-step approach should be made. However, we believe that the large carpenter bees have the potential to become an important aid in agricultural systems, especially where other pollinators, such as the honey bee, are not effective.
DISCUSSION
Carpenter bees are well suited for the study of evolution of social behavior. Comparisons among species exhibiting the different forms of sociality pro vide us with an understanding of the selective pressures leading to these incipient yet varied forms . Some of the prerequisites of semisociality have been exhibited by the studied species. These characteristics include matrifilial nests with temporary or permanent division of labor and reproduction between two females of the same or of successive generations. Cohabitation brings about the need to recognize nestmates, and arguments derived from kin selection models imply that it is essential to recognize kin (4 1a). The limited information available on nest recognition and exocrine secretions indicates that individual recognition can readily be realized.
Cohabitation not only leads to a better defense against competitors from the outside , but also involves competition within the nest. Successful cohabita tion implies marked physiological differences between the partners, which are expressed as temporal differences in fu nction and behavior. Further studies, especially on the dynamics of reproductive physiology , are necessary for a better understanding of how this temporal association could have evolved. A second element making the sociality of carpenter bees especially interesting is their taxonomic position as the sister group of the Apidae (88). A comparative treatment of sociality in these bee groups (70, 71, 75, 88, 91, 96) could indicate the relations between the various mechanisms operating in colonies of increasing complexity and the shared evolutionary constraints and benefits of sociality .
The males of many species evolved ingenious mating behaviors . Often males from different populations of a given species or males from a single population apply different strategies to locate their mates. Are such strategies entirely genetically fixed, so that the variation within a population reflects Annu. Rev. Entomol. 1989.34:163-190 . Downloaded from www.annualreviews.org by Tel Aviv University on 01/25/14. For personal use only.
fluctuating environmental conditions, or do individual experiences lead to alternative behavioral patterns? Sensory physiologists might find it rewarding to investigate whether carpenter bees possess hearing. Such a capacity is not only suggested by the audible males of several species, but also by the behavior of the teneral bees upon the approach of their mother to the nest. We were able to recognize individual mothers by the sounds they produced in flight, and we observed teneral young of X. pubsecens rushing toward the nest entrance when their approaching mother was still airborne several meters away (D. Gerling, H. H. W. Velthuis & A. Hefetz, personal observations).
Finally, we would like to draw attention to the relation between carpenter bees and the human population explosion. Undoubtedly many bee population changes will occur in the future owing to the human hunger for land and its products. On the other hand, carpenter bees could be of great help in the production of agricultural crops. Considering that we use only a few of the 20,000 existing species of Apoidea in pollination, and considering the special niche that large bees occupy in pollination biology, it is probable that carpen ter bees could increase crop production. For successful introduction of these insects , as for any other new enterprise, it is first necessary to expand the accumulation of basic knowledge.
